Two dimensional semiconductors provide an ideal platform for exploration of linear exciton and polariton physics, primarily due to large exciton binding and strong light-matter coupling. These features however, generically imply reduced exciton-exciton interactions, hindering the realisation of active optical devices such as lasers or parametric oscillators. Here, we show that electrical injection of itinerant electrons into monolayer molybdenum diselenide allows us to overcome this limitation and to demonstrate polariton amplification. To demonstrate optical gain by stimulated cooling of polaritons by electrons, we carry out pump-probe measurements and observe transmission gain of the probe field exceeding 2. Our findings demonstrate that itinerant electron exciton interactions provide an invaluable tool for electronic manipulation of optical properties and pave the way for realisation of nonequilibrium polariton condensates.
Realization of laser gain is a benchmark for optical materials. Semiconductor lasers exploit stimulated photon emission by radiative recombination of an inverted population of uncorrelated electron-hole pairs. A key challenge in these devices is the reduction of threshold carrier density which plays a central role in miniaturizing coherent light sources in integrated optical circuits. A promising approach to reduce the threshold is to investigate the possibility to use exciton-polaritons [1] for coherent light generation. The bosonic nature of polaritons ensures that exciton-phonon or exciton-exciton scattering can be stimulated by final-state occupancy [2, 3] , providing the requisite gain mechanism. If the net cooling rate due to stimulated scattering into a given exciton-polariton state exceeds the polariton decay, a nonequilibrium polariton condensate forms [2, 4] . The decay of condensed polaritons through mirror losses leads to coherent light output, much like ordinary semiconductor lasers. In comparison to the latter, polariton condensates/lasers exhibit low threshold carrier density and substantially enhanced nonlinearity due to polaritonpolariton interactions. Since their first demonstration in II-VI [5] and III-V [6, 7] semiconductor quantum wells (QW) embedded in monolithic distributed Bragg reflector (DBR) cavities, polariton lasers have been used to demonstrate a wealth of interesting physical phenomena, ranging from superfluidity [8, 9] to topological lasers [10, 11] . In stark contrast to II-VI or III-V materials, observation of optical gain in monolayer semiconductors, such as molybdenum diselenide (MoSe 2 ) [12] [13] [14] has been hindered by the ultra-large exciton binding energy [15] [16] [17] which leads to remarkable linear optical properties [18, 19] while suppressing excitonic nonlinearities [19, 20] and the scattering processes necessary for efficient stimulated cooling of excitons.
We show here that a solution to this conundrum is provided by electrical injection of itinerant electrons into a monolayer MoSe 2 , which provides an efficient channel for polariton cooling by stimulated polariton-electron scattering [21] [22] [23] [24] [25] . The presence of a two dimensional degenerate electron system (2DES) leads to the formation of a new optical transition that is red-shifted by 25 meV with respect to the bare exciton resonance. The quasi-particles associated with this transition, termed exciton-polarons have an electron density (n e ) dependent oscillator strength that allows them to couple nonperturbatively to a cavity mode, leading to the formation of exciton-polaron-polaritons [26] . Exciton-polarons exhibit residual perturbative interactions with the 2DES. The optical excitation spectrum generically exhibits a continuum for any given in-plane momentum. As a consequence, excited exciton-polaron or polariton states are unstable and relax to lower energy states [27, 28] by creating low energy conduction band electron-hole pairs in the 2DES. This mechanism is reminiscent of sympathetic cooling in cold atoms, where fermions are cooled to degeneracy through interactions with a Bose-Einstein condensate [29] [30] [31] .
Our experiments are based on a van der Waals heterostructure consisting of a MoSe 2 monolayer embedded between 2 hexagonal boron nitride (hBN) flakes, together with a top graphene layer which allows us to control the electron density (Fig 1a) . We place the sample in a tunable zero-dimensional open cavity structure [32] consisting of a flat DBR-coated transparent substrate and a concave DBR-coated fibre facet (Fig 1b) (Q 1800). All experiments are carried out at liquid Helium temperature (see Supplementary Material). Figure 1c and 1d show the white light transmission spectrum measured for vanishing electron density (V g = −30) V and finite electron density (V g = 5) V, respectively, in the strong coupling regime as a function of the cavity length. For V g = −30 V, we observe an exciton-polariton normal mode splitting of 14 meV. When the monolayer is electrondoped (V g = 5 V), the transmission spectrum shows two anticrossings, associated with nonperturbative coupling of the attractive and repulsive exciton-polaron resonances [26] to the cavity mode at longer and shorter wavelengths respectively. In what follows, we will mainly discuss the attractive polaron which we will refer to as the polaron for the sake of brevity. The deviation of the exciton-upper and lower polariton resonance (UP and LP) lineshapes from a Lorentzian, depicted in Fig. 1e , stems from interference effects and indicate that polariton line broadening is primarily due to cavity losses [33] . On the other hand, we observe a reduced normal mode splitting of the polaron-UP and LP resonances which are highly asymmetric (Fig. 1f) due to residual interactions with the 2DES. Figure 1g shows the pump-probe set-up that we used to investigate the nonlinear optical response of polaron-polaritons. We monitor the pump-induced changes in weak probe pulse transmission through the cavity, as a function of pump-probe delay, τ (see Supplementary Material). Unless stated otherwise, the pump and probe pulses are cross-polarized in order to enable polarization suppression of the transmitted pump field. The small component of cross-polarized polariton emission induced exclusively by the pump field is comparable to the probe field signal for I pump = 0.3 mW: we subtract this constant background in order to focus exclusively on the modification of probe transmission by the pump.
In the first set of experiments, we tune a strong pump field with a pulse duration of τ pump = 2.62±0.01 ps into resonance with either the exciton-LP or polaron-LP transition (inset of Fig. 2a) : the spectral width of the probe field is 12 meV and overlaps with both exciton-UP and LP resonances and has a pulse duration of τ probe = 0.3 ± 0.1 ps (see Supplementary Material). Figure 2a shows the transmission spectrum of the probe pulse as a function of τ for n e = 0 for a linearly polarized strong pump field with I pump = 0.1 mW: the remarkable outcome of this experiment is the robustness of the excitonpolariton spectrum, even when the strong pump field creates an estimated peak polariton density of n LP = (7 ± 1) × 10 11 cm −2 . We observe a very small blue shift of the LP resonance with respect to the average probe transmission for −10 ps < τ < 0 (Fig. 2b) : the polariton-polariton interaction strength we extract from pump power dependent blue shift is in excellent agreement with the value obtained in Ref. [20] . In addition, we find a ∼ 10% increase of the exciton-LP transmission for 0 < τ < 5 ps (Fig. 2c) which quickly saturates at this value as I pump is increased beyond 0.05 mW (blue points, inset of Fig. 2d) . Figure 2d shows the transmission spectrum at a much lower pump power (I pump = 0.01 mW, n LP = (8±1)×10 10 cm −2 ) in the presence of a 2DES with n e = (8 ± 1) × 10 11 cm −2 (see Supplementary Material). The pump field is now on resonance with the polaron-LP. We observe that for τ = 3.7ps, the probe transmission (integrated under the LP branch) increases by 40% (Fig. 2e-f ). The pump-induced changes in transmission spectrum for 10 ps < τ < 300 ps are more prominent in this case and include a shift of the oscillator strength from the polaron-LP to UP resonance. We have verified that the optical gain is independent of the probe field intensity (I probe ) and scales linearly with I pump (for I pump < 0.1 mW), indicating that the pump-field-induced enhancement of the probe transmission is due to stimulated scattering. The strong saturation of probe gain for I pump ≥ 0.1 mW on the other hand could stem from the fact that polariton and electron densities are comparable for these power levels (purple points, inset of Fig. 2d ). We also remark that the sizable blue shift of the polaron-LP resonance we observe for τ < 5 ps (Fig. 2d- The output of a mode-locked Ti:Sapphire laser (76 MHz repetition rate) is split into two arms: pump and probe. The pump is spectrally filtered using a pulse shaper setup. The probe pulse is sent through an optical delay line to control the time delay τ with respect to the pump pulse, and a pulse compressor to compensate for linear dispersion due to the optical fibres. Observation of probe transmission enhancement with robust normal-mode splitting demonstrates polariton amplification. It is widely accepted that the mechanism for polariton amplification and lasing, previously observed in II-VI and III-V semiconductors, is stimulated scattering of polaritons [4] ; polariton-polariton or polariton-phonon scattering of polaritons with energy ω i into a given final state with energy ω f can be Bose enhanced by injecting a small polariton population using an external (probe) field, leading to optical gain at ω f . The stark difference between the probe gain we observe for exciton-LP and polaron-LP resonances in Fig. 2 demonstrates that the presence of a 2DES dramatically increases optical gain, hinting that a qualitatively different scattering process is responsible for polariton amplification.
Possible mechanisms that could explain the observed probe gain include stimulated polariton-electron scattering as well as parametric scattering of polaritons enhanced by dynamical screening by the 2DES. A signature of the latter mechanism would be the simultaneous observation of gain for red-and blue-shifted probe frequencies which should be absent in the case of stimulated cooling of polaritons by polaron-electron interaction. Moreover, since polariton lifetime ( < ∼ 1 ps) in our experiments is shorter than the pump pulse duration, parametric gain cannot last for τ longer than the pump pulse duration. Motivated by these considerations, we carried out complementary experiments where we tuned the pump frequency in between the polaron-UP and LP transitions (Fig. 3a inset ) and in resonance with the polaron-UP (see Supplementary Material). Figure 3a shows the transmitted probe spectrum at two different pump-probe time delays, τ = 3.7 ps (purple) and τ = 7.3 ps (brown) together with the transmission profile obtained for τ < 0 (dashed) for I pump = 0.01 mW. The red vertical line indicates the center frequency of the transmitted pump field. We find that the optical gain is primarily red detuned with respect to the pump but the frequency at which we observe peak gain exhibits a blue shift as τ increases from 0 to ∼ 4 ps. While these measurements cannot rule out parametric amplification, the time dependence of the optical gain can: Figure 3b shows the spectrally integrated probe gain together with the pump pulse as a function of τ , demonstrating that substantial gain exists few ps after the coherent polaritons injected by the pump pulse have decayed (see Fig 3b and 3d ). These observations strongly suggest that parametric amplification is unlikely to play a key role in determining the optical gain. Figure 3c shows the transmitted probe spectrum τ = 3.7 ps (purple) and τ = 7.3 ps (brown) but now for I pump = 0.1 mW, where the striking features are the high optical gain and apparent collapse of the polariton splitting. The peak of the spectrally integrated gain reaches 2.1 for τ = 3.7 ps ( polariton splitting is recovered as the gain diminishes, we observe that the polaron-UP transmission remains stronger than that of the polaron-LP for τ ≤ 300 ps (see Supplementary Material). We also note that this blue shift of the oscillator strength is dependent on the pump power and remains a general feature for all excitation schemes. The shift in oscillator strength for long delays as well as the observed blue shift of the gain peak may stem from formation of sizable long-lived high momentum exciton-polaron population.
It is necessary to invoke our understanding of the role of residual polaron-electron interactions in order to interpret the above observations. We emphasize that the interacting exciton-electron system constitutes a many-body problem with a continuous spectrum. The eigenstates of the full Hamiltonian, termed exciton-polaron-polaritons, can be expressed as
where x † p and e † p are creation operators for excitons and electrons with momentum p, a † c generates a cavity photon, |0 denotes the ground-state of the 2DES and φ n is the amplitude for having n = 0, 1, 2, ... particle-hole pairs in the 2DES. The probability amplitude for the cavity mode satisfies ϕ(p) δ p,0 / √ 2. A short-pulse pump laser tuned into resonance with the polaron-polariton transition will generate a p = 0 polaron-polariton that is only partially dressed by particle-hole excitations. Since this excitation corresponds to a superposition excitation of the exact eigenstates, the system will evolve in a manner similar to what one finds in quantum quench problems. In particular, this evolution ensures that it is possible to have a finite probability to observe a lower energy p 0 optical excitation accompanied by 2 or more particlehole pairs [28] . Equivalently, the dynamics of the optical excitations can be cast in the form of rate equations describing relaxation mediated by the 2DES [28] . The optical gain of the probe field can then be understood as stemming from Bose enhancement of this relaxation, or equivalently, from stimulated polaron-electron scattering. A calculation of the stimulated polaron-electron scattering rate shows that for polariton and electron densities 1 × 10 12 cm −2 , the stimulated scattering rate into the polaron-LP resonance is comparable to the radiative decay rate (see Supplementary Material), which in turn indicates that polaron-electron scattering is likely to be the source of optical gain.
The experiments presented so far were all conducted in cross-polarized pump-probe configuration in the linear basis. Correspondingly, when the same measurements (as shown in Fig. 2) were performed in the circular basis at n e = (8 ± 1) × 10 11 cm −2 , we find that the probe gain to a large extent disappears (Fig. 4a) . This is in stark contrast to the maximal optical gain of ∼ 2 achieved for a linearly polarized pump at the same power (I pump = 0.05 mW).
TMD monolayers are valley semiconductors where an exciton in the K (K ) valley is generated by the absorption of a right (left) hand circularly polarized photon. In the presence of a 2DES, excitons in the K valley predominantly interact with itinerant electrons in the opposite K valley, leading to the dressing (dynamical screening) of a K-valley exciton by K -valley electron-hole pair excitations. Linearly polarized excitation in our experiments corresponds to the generation of a coherent superposition of the K and K valley polaron-polaritons. Upon polaron-electron scattering, polaron-polaritons become entangled with electrons, which corresponds to a loss of valley coherence or polariton polarization. As a consequence, the polaritons generated by the pump laser become unpolarized and can be stimulated by a cross-polarized probe field. In the case of circularly polarized excitation however, one would expect that the polariton can only relax within the same valley since polaron-electron scattering does not couple optical excitations in the two valleys. This is consistent with our aforementioned observations. In addition, the lack of optical gain in cross-polarized probe under circularly polarized excitation shows that electron-hole exchange does not play a significant role in determining the strength of polariton amplification.
It is thus instructive to compare the polarization dependence of gain for co-and cross-polarized pump-probe fields. In the co-polarized pump-probe experiments, it is necessary that we observe the probe gain for wavelengths sufficiently far-detuned from the pump i.e., wavelengths where the transmission originating from pump-induced polaritons that decay radiatively before they are subjected to polaron-electron scattering is low compared to the probe transmission. To this end, we are restricted to tuning the pump into resonance with the polaron-UP transition and monitoring the probe gain at the polaron-LP resonance. For linearly polarized fields at I pump = 0.04 mW, there is no appreciable difference in the optical gain (∼ 1.2) for co-or cross-polarized pump and probe fields indicating complete loss of valley coherence during (stimulated) cooling of polaritons from the polaron-UP to polaron-LP (Fig. 4b) . In stark contrast, for a circularly polarized pump (Fig. 4c) , there is significant optical gain (∼ 1.65) only for co-polarized probe. It is also striking that for cocircularly-polarized fields, the optical gain is a factor ∼ 3 larger than that for linear polarization. These experiments further verify the robustness of the valley degree of freedom of polaron polaritons.
Given the sizable optical gain we observe, it is natural to investigate the optimal polaron-cavity detuning and n e . Tuning the cavity to higher energies resulted in smaller gain despite the narrower LP resonance. We also repeated the experiment at four different n e but did not observe a sizable effect on gain (see Supplementary Material). Due to the comparatively small maximal neutral exciton normal mode splitting of 14 meV, we could attain a maximum of 4 meV polaron-polariton splitting, which in turn limited the range of n e over which we could observe polaron-polaritons.
There are several interesting physics questions raised by our experiments. On the one hand, the striking polarization dependence of optical gain indicates that polariton amplification under resonant excitation of LP resonance is a consequence of decoherence of polarization information due to quantum entanglement between optical excitations and electron-hole pairs in the 2DES. Since polariton-phonon interactions are strongly suppressed due to the small density of states, by increasing the cavity lifetime we can reach a limit where closed many-body entangling dynamics is even more prominent. On the other hand, the resonantly driven polaron-polariton system that we analyze provides a possibility to tune the polariton density from the exciton-Fermi-polaron regime (n pol n e ) all the way to the electron-Bose-polaron regime (n pol n e ); in the latter case, itinerant electrons are dressed by polaritons which will modify electronic transport. In the intermediate regime (n pol ∼ n e ), we expect strong saturation of the polariton splitting, suggesting an electron-density controlled optical nonlinearity. Since n pol > n e for I pump > 0.1mW, the collapse of polariton splitting we observe in Figure 3a may stem from such a nonlinear response.
The observation of stimulated polaron-polariton-electron scattering demonstrates that by injecting low density itinerant electrons, it is possible to dramatically enhance optical gain. Given the weak neutral exciton nonlinearity and the difficulty in reaching the Mott transition in monolayer semiconductors, our findings are very likely to play a key role in making active optical devices using van der Waals het-erostructures. In particular, the fast polaron-electron scattering that results in picosecond-risetime of polariton amplification indicates that enhancement of the cavity quality factor from ∼1000 to 10,000 could allow for the demonstration of a monolayer polariton laser. Moreover, our calculations indicate that increasing the cavity-polaron coupling by a factor of 2, would increase the stimulated scattering rate by up to a factor of 10. By using smaller cavity length or guided-wave polaritons, we could achieve a factor of 3 increase in polaroncavity splitting; together with higher quality factor cavities, this will allow for exploring a larger range of n e values to optimize the conditions for realization of polariton condensates.
SUPPLEMENTARY MATERIALS Materials and Methods

Sample Fabrication and Setup
The monolayer MoSe 2 , graphene and two h-BN flakes were mechanically exfoliated onto SiO 2 substrates. Then, they were stacked by picking up the graphene, top h-BN, MoSe 2 , and the bottom h-BN, in that order, using a polycarbonate sacrificial layer on a PDMS stamp. The stack is deposited onto a fused silica substrate with a distributed Bragg reflector (DBR) coating: Ten alternating layers of NB 2 O 5 and SiO 2 . This constitutes the planar mirror of the 0-dimensional cavity. The DBR was designed to provide > 99.3% reflectivity between 680-800nm with an intensity maximum at the DBR surface. The MoSe 2 and graphene flakes were contacted with Au on a 5nm Ti sticking layer. The concave mirror was prepared by ablating a dimple of radius of curvature 30 µm onto a single mode fibre facet which was then coated with an identical DBR as the flat substrate. After fabrication of the sample, the graphene layer was found to be torn and could not provide reliable doping. Thus, an additional graphene layer was placed on top which restored gate-tunability in the sample.
The planar mirror substrate is mounted on 2 nano-positioners which provide in-plane spatial degrees of freedom. The fibre mirror is mounted on 1 nano-positioner which provides an out-of-plane degree of freedom.
Optical Measurements
The optical setup is illustrated in Fig. 1g of main text. The sample sits in a vacuum-pumped environment which is filled with 20 mbar of He exchange gas at room temperature. It is then immersed in a liquid He bath at 4.2 K for all optical measurements.
Pulse preparation-The output from a Ti:Sapphire femtosecond pulsed laser with 76 MHz repetition rate is split into two arms: pump and probe. The pump arm is spectrally filtered with a 4f pulse shaping setup with a single grating. The 12 meV broad pulse is first spectrally dispersed using a transmission grating, and its spectrum selected with an adjustable slit aperture in front of a mirror and then recombined using the same grating. The probe pulse is spectrally unfiltered. Its optical path length difference with respect to the pump pulse is controlled by adjusting the position of a retroreflector. In this way, the probe can be made to arrive with a variable time delay, τ with respect to the pump. Both pump and probe pulses are then guided by optical fibres to the excitation arm of the transmission microscope. To avoid unwanted nonlinear effects in the fibres, we attenuate the laser powers to < 1 mW before coupling them into the fibres. We check the spectrum of the pulse after travelling through the fibre in order to ensure such nonlinear effects are not present for the powers we are interested in Fig S1. In addition, there are also unwanted linear effects such as group velocity dispersion (GVD). Since the probe pulse is ∼ 12 meV broad, it is affected more significantly than the pump pulse (∼ 1 meV). We compensate for the dispersion using a single grating pulse compressor. The pump and probe pulse durations are then measured using an interferometric autocorrelation setup in collinear geometry (Fig S1) . The uncertainty of the pulse durations arise from the possible deviations of the amount of dispersive elements (i.e, fibre lengths) incorporated in the autocorrelation measurement setup from the pump-probe experimental setup even as this was already taken into consideration in designing the former. We note that while we achieved significant compression of the probe, it remains not transform-limited.
Pump-probe measurement-After the pulses are prepared, the pump and probe are coupled into the cavity via the free-space accessible side and the transmission is detected through the fibre. Using fibre polarization controllers and a polarizing-beamsplitter (PBS) in the detection setup, we can project the signal onto any two orthogonal polarizations. In a typical cross-polarized pumpprobe measurement scheme, we measure the signal from the PBS arm that is cross-polarized with respect to the pump field using the spectrometer and as a function of τ , we obtain the following: (i) the transmission spectrum when only the pump is turned on and (ii) the transmission spectrum when both pump and probe are turned on. In (i), we measure the cross-polarized polariton emission induced exclusively by the pump field and subtract this from (ii) in order to investigate how the transmission of the probe is influenced in the presence of the pump and as a function of τ .
Polariton Density Estimation
We measure the reflection contrast of the bare cavity mode of η ∼ 0.13 between resonant and off-resonant conditions. This gives an estimate of the efficiency of the coupling into the cavity. The density of intracavity polaritons per pulse is then given by are interested in the polariton density within the polariton lifetime τ pol which can be written as
. We find a polariton density of (8 ± 1) × 10 12 cm −2 mW −1 resonant excitation of the attractive polaron lower polariton.
Electron Density Estimation
We use a capacitive model to estimate the electron density. The capacitance per unit area between the top gate and the sample is given by:
where the first and second terms are the geometric and quantum capacitances respectively. t = (88 ± 5)nm is the thickness of the h-BN flake, hBN = 3.5 ± 0.5 is the static dielectric constant of h-BN, m * = 0.5m e is the effective electron mass in the conduction band and D(E F ) is the density of electronic states at Fermi energy E F . For E F > 0, one can neglect the quantum capacitance and write the Fermi energy as a function of applied gate voltage, V g , as
In order to calculate the Fermi energy E F and therefore the electron density n e from the applied gate voltage V g , we first need to determine the voltage, V 0 , at which we begin to dope the monolayer with itinerant electrons. To that end, we measured the transmission spectrum of the repulsive polaron-polariton as a function of gate voltage V g . For small E F (i.e. V g < V 0 ), the Rabi splitting Ω rep is given by: where ω rep (E F ) = ω x + βE F is the energy of the repulsive exciton-polaron and ω x is the exciton energy; the second term accounts for the blueshift due to the presence of the Fermi sea and β was previously found to be 0.8 [26] . g rep (E F ) is the oscillator strength of the repulsive polaron which is ∼ g 0 (1 − 1 2 EF ET ) for small E F , E T refers to the trion binding energy which we take to be 25 meV.
Figures S2 (a) and S2 (c) show the measured transmission spectrum of the repulsive-polaron polariton for two different cavity detunings as a function of V g . It is observed (shown in Figures S2 (b) and S2(d) ) that there are two distinct regimes for the Rabi splitting Ω rep . Ω rep reacts much less sensitively to V g when increasing it from -6V to ∼ 1V after which it starts to decrease sharply. We attribute this apparent slow increase of E F as a filling of localised states located in the midgap region resulting in a slight decrease of Ω rep which we can represent with a heuristic linear model. On the other hand, the behaviour of Ω rep is governed by equation S3 as soon as itinerant electrons start to populate the conduction band (for V g > V 0 ). In our fits, all parameters in equation S3 were fixed except for V 0 which remained a fit parameter. We determine V 0 to be 1V. This implies that n e = (8 ± 1) × 10 11 cm −2 at V g = 5V. We note that the uncertainty is dominated by that of hBN .
Pump-probe experiments under resonant pumping of the attractive polaron upper polariton
We also conducted complementary experiments to those presented in Fig 2d of main text where we tune the pump into resonance with the attractive polaron upper polariton (see Fig S3) . We observed gain only for probe frequencies that are redshifted with respect to the pump. The gain increases up to a factor of ∼ 1.9 at ∼ 3 ps after its onset. We also note an apparent collapse of the splitting towards the bare cavity resonance at this time delay.
Electron Density Dependence of Gain
We investigated the dependence of gain of the LP on the electron density, n e , for 35% photonic content of the attractive polaron-lower polariton under resonant excitation of LP at I pump = 0.1mW. We performed the same kind of experiment as in Fig 2d of main text. There was no significant effect on the magnitude of the gain as n e was varied (see Fig. S4 ). Due to the broadening of the attractive polaron resonance, the polariton branches are no longer well-resolved as n e is increased, making it difficult for a larger range of n e to be explored.
Long-time Scale Pump-Probe
In the pump-probe measurements where we resonantly pump the attractive polaron-LP and in between the attractive polaron-LP and UP (in Fig 2d-f and 3 of main text) as well as pumping the attractive polaron-UP resonantly in Fig S3 of Supplementary, we consistently observed a shift of the oscillator strength from the attractive polaron-LP to the UP resonance that lasted long after the gain in the transmission was over. We conducted follow-up measurements for long time delay scans (up to 400 ps) while pumping the attractive polaron-UP. We find the timescale for the recovery of the initial conditions to be ∼300 ps (see Fig. S5 ).
Theoretical model
In this section we develop a theoretical model to understand the interaction between polaritons and the electrons in the Fermi sea. In particular we will calculate the rate at which an upper polaron-polariton decays into a lower-polaron polariton through scattering with the Fermi sea.
In order to gain insight into the conversion of upper into lower polaron polaritons we study the regime of a pump field that is weak enough to ensure that the density of electrons is much larger than the density of polaritons, which allows us to formulate the problem in terms of Fermi polarons [34] . While in the experiment this condition is not always satisfied, we expect that our results will provide a qualitatively correct description also outside the strict validity regime of the theory. In fact, when the density of polaritons becomes comparable to the density of electrons, a quantitatively accurate description describes the system as a Bose-Fermi mixture. We start from the effective Hamiltonian:
where x † σk (e † σk ) are the creation operators of an exciton (electron) of momentum k in the valley σ ∈ {+K, −K} (we defineσ = −σ). The exciton and electron dispersion relations are approximated with an effective mass model and given by ω k = k 2 /(2m x ) and k = k 2 /(2m e ) respectively (we seth = 1 and A is the quantization area). Moreover, a † σ creates cavity photons of polarization σ ∈ {+, −} respectively. These zero dimensional cavity photons of energy ∆ hybridize with excitons of zero momentum, to create exciton-polaritons [4] .
Notice that we neglect electron-electron interactions and, because the triplet trion state is unbound, we also neglect the (weak) interactions between excitons and electrons in the same valley. For simplicity we model the exciton-electron interaction with a contact potential. Imposing a UV cutoff Λ, the interaction U can be related to the experimentally accessible trion binding energy T , the bound state solution of the Lippmann Schwinger equation:
Self-consistent ladder approximation
Under the assumption of a relatively weak pump field, we model the problem as an exciton impurity interacting with a Fermi sea. In this regime, exciton-polaritons dressed by polarization waves of the Fermi sea form new quasiparticles known as Fermi polarons. A good approximation of the energy of the polaron is given by the Chevy Ansatz [34] or the equivalent non-selfconsistent ladder approximation, which takes into account the dressing of the impurity by a single electron-hole excitation of the electron Fermi sea in the conduction band. Here we go beyond the Chevy-Ansatz by using a self-consistent ladder approximation, which takes into account the dressing of the exciton with an infinite number of electron-hole pairs [28] .
We work at zero temperature and introduce the exciton, cavity photon and electron propagators:
where we introduced the positive imaginary part η denoting the linewidth of the propagators. We use this linewidth (for simplicity we choose it to be the same for all particles) to model the effect of processes that we neglected such as disorder or radiative decay. We also introduced chemical potentials for the exciton (µ x ), the cavity photon (µ c ) and the electron (µ e = F , this is also the Fermi energy). In the Fermi-polaron framework we assume that the polariton density in the system is vanishingly small, and actually investigate the extreme regime when there is just one polariton in the system. To do this we must set the exciton and photon chemical potentials below the renormalized exciton/photon dispersion. Therefore, while setting the exciton/photon chemical potentials properly is important to ensure the correct pole structure of the propagators, the actual values will not appear in any final result.
Taking into account interactions within the self-consistent ladder approximation the exciton and photon acquire self-energies, as illustrated in Fig. S6 .
where the two self-energies are given by:
in the self-consistent ladder approximation. Right panel: cuts through the color plot at different momenta. for F = T /2 and mx = 2me. For calculations a small broadening of η = T /100 was introduced. The zero energy in the above corresponds to the position of the exciton peak in the absence of electrons where we introduced for convenience
Note that the electrons do not acquire a self-energy since there are no excitons/photons in the system in this approximation. In Eq. (S17) we introduced the T-matrix, which denotes the renormalized exciton-electron interaction, and has a pole at the trion energy. We used this in Eq. (S17), since the exciton chemical potential is set below the dressed exciton/trion dispersion, the T-matrix is analytical in the upper-half plane, which allows us to perform the frequency integral (for more details check Ref. 35 ). The T-matrix is defined through the equation:
which can be inverted to yield:
Here we again used the fact that the exciton chemical potential is set below the dressed exciton dispersion [35] . The term proportional to δ p,k takes into account the effect of polariton formation on the T-matrix, and it can be neglected when evaluating the T-matrix because of phase space-arguments. We remark that the exciton/photon self-energy is defined in terms of the full exciton/photon propagator leading to an equation that must be solved self-consistently, which we do through iteration.
In Fig. S7 we present a color plot of the exciton spectral function for the case F = T /2. We see that, due to the interaction with the Fermi sea, the exciton forms new quasi-particles, denoted as attractive (at negative energies) and repulsive polarons (at positive energies).
In Fig. S8 we show the spectral function of the cavity photon (green) when the cavity is tuned close to the attractive polaron resonance for a light matter coupling of g = T /4. We see that, due to the coupling to the cavity, the attractive polaron line splits into lower and upper polariton resonances. (All ingoing/outgoing propagators are "amputated" and therefore do not contribute to the matrix element, and all incoming/outgoing freqeuncies should be put "on-mass-shell".)
Polaron-polariton scattering
Having discussed the formation of new quasiparticles due to interactions, we now wish to understand the residual interactions between the attractive polarons and the Fermi sea. To do this, we first introduce an effective low-energy theory by approximating the polaron-polariton and exciton-polaron propagators with simple poles:
where Ω x (p) is the attractive exciton-polaron (we will also refer to these states simply as polarons) dispersion and Ω lp (Ω up ) are the lower (upper) polaron-polariton (we will also denote this simply as polariton) energies.
We illustrate this procedure in Fig. S8 where we fit the photon propagator with two Lorentzians. Note, to define an effective low-energy theory, the quasiparticle weights should be absorbed into the various vertices.
While the lower-polariton linewidth is given by η, the additional broadening of the upper-polariton (this would be even more visible for a smaller η) implies that the upper-polaron-polariton is not a long-lived eigenstate of the system. In reality, the upperpolariton excitation is metastable and can decay into lower energy states. To model the experimental data we wish to calculate the decay rate into the lower polaron-polariton.
The renormalized interaction between the polaron and the electrons in the Fermi sea is given by the T-matrix. In Fig. S9a ) we illustrate the diagram corresponding to the amplitude where a polaron-polariton (of zero momentum) decays into an excitonpolaron of momentum q by creating an additional electron-hole pair in the Fermi sea of total momentum −q. However, since the initial upper and final lower-polariton states have q = 0, this mechanism does not describe the relaxation between two optically active states. Due to energy and momentum conservation, at least two electron-hole pairs must be created in such a process. We illustrate this process in Fig. S9b) , where an upper polariton decays to the lower polariton by leaving behind two electron-hole pairs. The matrix element is given by:
